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ABSTRACT
We report the analysis of the first deep optical observations of three isolated γ-ray pulsars
detected by the Fermi Gamma-ray Space Telescope: the radio-loud PSR J0248+6021 and
PSR J0631+1036, and the radio-quiet PSR J0633+0632. The latter has also been detected
in the X rays. The pulsars are very similar in their spin-down age (τ ∼40–60 kyrs), spin-
down energy (E˙ ∼ 1035 erg s−1), and dipolar surface magnetic field (B ∼ 3–5 × 1012 G).
These pulsars are promising targets for multi-wavelength observations, since they have been
already detected in γ rays and in radio or X-rays. None of them has been detected yet in
the optical band. We observed the three pulsar fields in 2014 with the Spanish 10.4m Gran
Telescopio Canarias (GTC). We could not find any candidate optical counterpart to the three
pulsars close to their most recent radio or Chandra positions down to 3σ limits of g′ ∼ 27.3,
g′ ∼ 27, g′ ∼ 27.3 for PSR J0248+6021, J0631+1036, and J0633+0632, respectively. From
the inferred optical upper limits and estimated distance and interstellar extinction, we derived
limits on the pulsar optical luminosity. We also searched for the X-ray counterpart to PSR
J0248+6021 with Chandra but we did not detect the pulsar down to a 3σ flux limit of 5×10−14
erg cm−2 s−1 (0.3–10 keV). For all these pulsars, we compared the optical flux upper limits
with the extrapolations in the optical domain of the γ-ray spectra and compared their multi-
wavelength properties with those of other γ-ray pulsars of comparable age.
Key words: stars: neutron – pulsars: individual:
1 INTRODUCTION
The launch of the Fermi Gamma-ray Space Telescope in 2008
marked a revolution in pulsar γ-ray studies (see, e.g. Caraveo 2014;
Grenier & Hardings 2015 for recent reviews), thanks to the un-
precedented performances of its Large Area Telescope (LAT; At-
wood et al. 2009). At the time of writing, the public catalogue of
Fermi γ-ray pulsars1 includes 205 objects, compared to the seven
detected by the Compton Gamma-ray Observatory (CGRO) (e.g.
Thompson 2008). Most of them are isolated, i.e. not in binary sys-
tems. Interestingly, about 30% of these γ-ray pulsars have no ra-
⋆ E-mail: mignani@iasf-milano.inaf.it
1 https://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
dio counterpart, despite deep radio searches, and are dubbed radio-
quiet. Therefore, this unprecedentedly large and diverse sample
provides us with an unique opportunity to characterise the pulsar
multi-wavelength spectra and emission properties over several en-
ergy decades, from the optical to the γ-rays, possibly spotting dif-
ferences between different pulsar populations (e.g. Marelli et al.
2015). This is key to understand both the physics of the complex
radiation processes in pulsar magnetospheres and the behaviour
of relativistic particles and radiation under extreme magnetic field
conditions. To this aim, building an as wide as possible multi-
wavelength observational data base is essential.
While X-ray observations have been obtained for about half
of the isolated Fermi pulsars in the Second Catalogue of Fermi
Gamma-ray Pulsars (2PC; Abdo et al. 2013), albeit at different lev-
els of statistics, the optical coverage is still sparse, mainly owing
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to the intrinsic neutron star faintness, relatively large distances,
high (or uncertain) interstellar extinction, field crowding at low
Galactic latitudes, and the lack of sensitive observations with 10m-
class telescopes. As a matter of fact, only very few isolated Fermi
pulsars have been detected both in the X rays and in the optical.
These are the Crab (PSR B0531+21) and Vela (PSR B0833−45)
pulsars, PSR B1509−58, PSR B0656+14, PSR B1055−52 and
Geminga (see Abdo et al. 2013 and references therein), all detected
as γ-ray pulsars before the launch of Fermi (Thompson 2008)
and identified in the optical within a few years after their discov-
ery. Among the new γ-ray pulsars discovered by Fermi, a candi-
date optical counterpart has been identified for PSR J0205+6449
(Moran et al. 2013), whereas for PSR B0540−69 in the Large
Magellanic Cloud, only recently detected as a γ-ray pulsar (Ack-
ermann et al. 2015), the optical counterpart has been known since
the early 1990s (Caraveo et al. 1992), following its discovery as an
X-ray and optical pulsar (Seward et al. 1984; Middleditch & Penny-
packer 1985). Another handful of γ-ray pulsars have been observed
after their discovery by Fermi, but not detected yet, with 10m-
class telescopes: PSR J1357−6429 (Mignani et al. 2011), PSR
J1028−5819 (Mignani et al. 2012), PSR J1048−5832 (Razzano
et al. 2013; Danilenko et al. 2013), PSR J0007+7303 (Mignani et
al. 2013), PSR J0357+3205 (De Luca et al. 2011; Kirichenko et al.
2014), and PSR J2021+3651 (Kirichenko et al. 2015). Recently,
PSR J1357−6429 might have been identified in the near infrared
(Zyuzin et al. 2016).
Here, we present the first deep optical observations of a group
of Fermi pulsars: PSR J0248+6021, PSR J0631+1036, and PSR
J0633+0632 (Abdo et al. 2010a; 2013), carried out with the Span-
ish 10.4m Gran Telescopio Canarias (GTC) at the La Palma Obser-
vatory (Roque de Los Muchachos, Canary Islands, Spain), as a part
of a larger program aimed at surveying Fermi pulsars in the north-
ern hemisphere. A parallel program in the southern hemisphere is
being carried out with the ESO’s Very Large Telescope and the re-
sults will be discussed in a companion paper (Mignani et al., in
preparation). These three pulsars have spin-down ages τ ∼ 43.6–
62.4 kyrs, spin-down energies E˙ ∼(1–2)×1035 erg s−1 and dipolar
surface magnetic fields B ∼ 3–5× 1012 G (see Table 1).
PSR J0248+6021 (spin period Ps=0.217 s) was discovered in
radio during a northern Galactic plane survey with the Nancay radio
telescope (Theureau et al. 2011). The pulsar X-ray counterpart was
not detected by Swift and Suzaku (Marelli et al. 2011) and the field
has not been observed by XMM-Newton. Only one short (10 ks)
observation has been obtained with Chandra (Obs ID 13289; PI G.
Garmire) but the pulsar was not detected (Prinz & Becker 2015).
A quick follow-up observation using optical data from the Ultra-
Violet/Optical Telescope (UVOT; Roming et al. 2005) aboard Swift
did not show any object at the best-fit radio timing position of the
pulsar. The PSR J0248+6021 field was observed in Hα (Browns-
berger & Romani 2014) to search for a bow-shock produced by the
pulsar motion in the interstellar medium but neither extended nor
point-like emission associated with the pulsar was detected.
PSR J0631+1036 (Ps = 0.287 s) was detected during a ra-
dio follow-up of unidentified Einstein X ray-sources (Zepka et al.
1996). The pulsar is yet undetected in X rays (Kennea et al. 2002;
Marelli et al. 2011). A tentative identification of an X-ray coun-
terpart by both ROSAT (Zepke et al. 1996) and ASCA (Torii et al.
2001) was found to be the result of a spurious association. In γ-
rays, a marginal evidence of pulsations was found in the CGRO
data (Zepka et al. 1996) and was, later, confirmed by Fermi (Wel-
tevrede et al. 2010). A search for optical pulsations from the un-
detected pulsar counterpart (Carramin˜ana et al. 2005) was carried
out with negative results. The field was also observed in a targeted
observation with the 2.5m Isaac Newton Telescope (INT) at the La
Palma Observatory (Collins et al. 2011) as part of a pilot survey
of Fermi pulsar fields under the International Time Proposal ITP02
(PI. A. Shearer), but the pulsar was undetected. PSR J0631+1036
was also not detected in the pulsar Hα survey of Brownsberger &
Romani (2014).
PSR J0633+0632 (Ps = 0.297 s) is a radio-quiet pulsar and
one of the first γ-ray pulsars detected through a blind search in the
Fermi data (Abdo et al. 2009a). Deep searches at 34 MHz (Maan
& Aswathappa 2014) confirmed that the source is undetected also
at long radio wavelength. After a preliminary detection by Swift
(Abdo et al. 2009a), PSR J0633+0632 has been detected in X rays
by both Suzaku (Marelli et al. 2011) and Chandra (Ray et al. 2011),
which also found evidence of a faint arcminute-long pulsar wind
nebula (PWN) south of the pulsar. No X-ray pulsations from PSR
J0633+0632 have been detected yet. In the optical, the field was
observed for the first time with the INT (Collins et al. 2011) but no
counterpart to the pulsar was detected.
This manuscript is organised as follows: observations, data re-
duction and analyses are described in Sectn. 2, while the results are
presented and discussed in Sectn. 3. and 4, respectively. Conclu-
sions follow.
2 OBSERVATIONS AND DATA REDUCTION
2.1 GTC Observations
We obtained deep observations of the pulsar fields with the GTC
between December 18, 2014 and January 14, 2015 under pro-
gramme GTC23-14B (PI. N. Rea). The observations were per-
formed in service mode with the Optical System for Imaging and
low Resolution Integrated Spectroscopy (OSIRIS). The instrument
is equipped with a two-chip E2V CCD detector with a nominal
field–of–view (FoV) of 7.′8 × 8.′5 that is actually decreased to
7.′8 × 7.′8 due to the vignetting of Chip 1. The pixel size of the
CCD is 0.′′25 (2 × 2 binning). In total, we took a minimum of
three sequences of 5 exposures in the Sloan g′ (λ = 4815 A˚;
∆λ = 1530A˚) r′ band (λ = 6410 A˚; ∆λ = 1760A˚) filters with
exposure time of 155 s, to minimise the saturation of bright stars in
the field and remove cosmic ray hits. Each sequence was repeated
twice per each filter and per each target. Exposures were dithered
by 20′′ steps in right ascension and declination. In all cases, the
targets were positioned at the nominal aim point in Chip 2. Obser-
vations were performed in dark time and clear sky conditions, with
seeing mostly below 1.′′0 and the targets close to the zenith. The
journal of the GTC observations is summarised in Table 2. Short
(0.5–3 s) exposures of the field of the standard star PG 2336+004B
(Smith et al. 2002) were also acquired each night for photomet-
ric calibration and zero point trending2, together with twilight sky
flat fields, as part of the OSIRIS service mode calibration plan
(Cabrera-Lavers et al. 2014). We reduced our data (bias subtraction,
flat-field correction) using standard tools in the IRAF3 package
CCDRED. Single dithered exposures were then aligned, average-
stacked, and filtered by cosmic rays using the task drizzle. We
2 www.gtc.iac.es/instruments/osiris/media/zeropoints.html
3 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Table 1. Coordinates, reference epoch, and spin-down parameters of the Fermi pulsars discussed in this work, collected from the ATNF pulsar data base
(Manchester et al. 2005).
Pulsar αJ2000 δJ2000 Epoch Ps P˙s τ B E˙
(hms) (◦ ′ ”) MJD (s) (10−14s s−1) (104 yr) (1012 G) (1035 erg cm−2 s−1)
J0248+60211 02 48 18.617(1) +60 21 34.72(1) 54000 0.217 5.51 6.24 3.5 2.1
J0631+1036 06 31 27.524(4) +10 37 02.5(3) 53850 0.287 0.10 4.36 5.55 1.7
J0633+0632 06 33 44.21(2) +06 32 34.9(1.6) 54945 0.297 7.95 5.92 4.92 1.2
1 The pulsar has a proper motion µαcos(δ) = 48± 10 mas yr−1; µδ = 48± 4 mas yr−1 (Theureau et al. 2011). The spin period derivative P˙s and values
inferred from it have been corrected for the Shklovskii effect.
adopted the standard extinction coefficients measured for the La
Palma Observatory4 to apply the airmass correction.
2.2 Optical Astrometry
We computed the astrometry calibration on the GTC images us-
ing the wcstools5 suite of programs, matching the sky coordinates
of stars selected from the Two Micron All Sky Survey (2MASS)
All-Sky Catalog of Point Sources (Skrutskie et al. 2006) with their
pixel coordinates computed by Sextractor (Bertin &Arnouts 1996).
After iterating the matching process applying a σ-clipping selec-
tion to filter out obvious mismatches, high-proper motion stars, and
false detections, we obtained mean residuals of ∼ 0.′′2 in the ra-
dial direction, using at least 30 bright, but non-saturated, 2MASS
stars. Owing to the pixel scale of the OSIRIS images (0.′′25), the
uncertainty on the centroids of the reference stars is negligible.
To this value we added in quadrature the uncertainty σtr . 0.′′07
of the image registration on the 2MASS reference frame. This is
given by σtr=
√
n/NSσS (e.g., Lattanzi et al. 1997), where NS
is the number of stars used to compute the astrometric solution,
n=5 is the number of free parameters in the sky–to–image transfor-
mation model (rotation angle, x-offset, y-offset, x-scale, y-scale),
σS ∼ 0.
′′2 is the mean absolute position error of 2MASS (Skrut-
skie et al. 2006) for stars in the magnitude range 15.5 6 K 6 13.
After accounting for the 0.′′015 uncertainty on the link of 2MASS to
the International Celestial Reference Frame (Skrutskie et al. 2006),
we ended up with an overall accuracy of ∼0.′′2 on our absolute as-
trometry.
2.3 Pulsar coordinate verification
In order to search for the pulsar optical counterparts, a careful as-
sessment of their coordinates is in order. To search for the optical
counterparts of our pulsars, a first reference is provided by the co-
ordinates listed in the ATNF pulsar data base (Table 1).
For both PSR J0248+6021 (Theureau et al. 2011) and
J0631+1036 these coordinates have been obtained from radio
observations. For PSR J0248+6021 a radio proper motion has
been measured (Theureau et al. 2011) and we updated its co-
ordinates to the epoch of our optical observations (Table 2).
For PSR J0631+1036, the Simbad6 data base reports coordi-
nates, α = 06h31m27.s540; δ = +10◦37′02.′′20, which are
only slightly different from those in the ATNF data base (MJD
53850). Different coordinates are reported by Hobbs et al. (2004):
α = 06h31m27.s516(12); δ = +10◦37′03.′′8(9) (MJD 51711),
obtained by radio timing observations and possibly affected by
4 www.ing.iac.es/Astronomy/observing/manuals/ps/tech notes/tn031.pdf
5 http://tdc-www.harvard.edu/wcstools
6 http://simbad.u-strasbg.fr/simbad/
Table 2. Summary of the GTC optical observations of the three Fermi pul-
sars in Table 1. Columns list the observing date, band, the total integration
time (T), the average airmass and seeing.
Pulsar Date Band T airmass seeing
yyyy-mm-dd [MJD] (s) (′′)
J0248+6021 2015-01-14 [57036] g 2325 1.17 0.′′8
g 2325 1.19 0.′′9
2014-12-19 [57010] r 2625 1.29 1.′′1
r 2790 1.43 1.′′1
J0631+1036 2014-12-22 [57013] g 3100 1.06 1.′′2
r 2945 1.07 1.′′2
2014-12-24 [57015] g 2325 1.29 1.′′1
r 2325 1.52 1.′′1
J0633+0632 2014-12-18 [57009] g 2480 1.08 0.′′9
g 2325 1.22 0.′′9
r 2325 1.13 0.′′8
r 2325 1.39 0.′′8
glitches and timing noise. However, they are compatible within the
errors with those listed in the ATNF data base, obtained from ra-
dio timing observations (Yuan et al. 2010). Unfortunately, since
PSR J0631+1036 is yet undetected in the X rays (Kennea et al.
2002) there is no Chandra position to compare with. For the radio-
quiet PSR J0633+0632 the coordinates in Table 1 correspond to
the best-fit γ-ray timing position (Ray et al. 2011), which has a
relatively large error (±1.′′6) in declination. A somewhat different
position, however, is obtained from Chandra observations (Ray et
al. 2011): α = 06h33m44.s143; δ = +06◦32′30.′′40 (MJD 55176),
with an attached nominal absolute uncertainty of 0.′′6 at 90% con-
fidence level7. These coordinates are in very good agreement with
those obtained from an independent analysis of the same Chandra
data set by Marelli (2012). Strangely enough, the coordinates re-
ported by Simbad, α = 06h31m39.s4; δ = +06◦41′42.′′0, are off
by several arc minutes with respect to those reported by Ray et
al. (2011) and Marelli (2012), and should be ignored. Hereafter,
for PSR J0633+0632 we assume the Chandra coordinates as a
reference. For PSR J0631+1036 and PSR J0633+0632 the max-
imum time span between the epoch of the reference positions and
that our optical observations is 3165 and 1833 days, respectively.
Therefore, we allowed for an uncertainty on the reference pulsar
positions more generous than the formal one to account for their
unknown proper motions. Apart from PSR J0248+6021, the uncer-
tainty on the pulsar position is always larger than the accuracy of
our astrometry calibration (∼0.′′2; Sectn. 2.3).
7 http://cxc.harvard.edu/cal/ASPECT/celmon/
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(a) J0248+6021 (b) J0631+1036
(c) J0633+0632
Figure 1. 10′′ × 10′′ GTC/OSIRIS r′-band images of the pulsar fields. North to the top, east to the left. The uncertainties associated with the available radio
positions (Sectn. 2.4) of PSR J0248+6021 and PSR J0631+1036 are shown by the ellipses. For the latter, the thick ellipse corresponds to the radio timing
position (Yuan et al. 2010), whereas the thin ellipse marks the radio timing position of Hobbs et al. (2004). For PSR J0633+0632, the circle indicates the
Chandra position uncertainty (Ray et al. 2011). The size of the ellipses/circle accounts for statistical uncertainties only and not for the systematic uncertainty
associated with the astrometry calibration of the OSIRIS images (∼0.′′2; Sectn. 2.2).
3 RESULTS
3.1 Source detection and photometry
Fig. 1 shows a 10′′×10′′ zoom of the GTC r′-band images around
the pulsar positions. In no case we could find candidate counter-
parts to the pulsars, which remain, thus, undetected in the optical.
For PSR J0633+0632, the object closest to the Chandra position
is detected ∼ 2.′′5 southwest of it and is obviously unrelated to the
pulsar. We computed the 3σ limiting magnitudes from the standard
deviation of the background at the pulsar position (Newberry 1991)
estimated in an aperture of diameter equal to the seeing disk (Ta-
ble 2), after applying the aperture correction. We corrected these
values for the atmospheric extinction as described in Sectn. 2.1.
We derived g′ > 27.3, r′ > 25.3 (PSR J0248+6021), g′ > 27,
r′ > 26.3 (PSR J0631+1036), g′ > 27.3, r′ > 26.5 (PSR
J0633+0632). The difference in limiting magnitudes between the
g′ and r′ bands for similar integration times (Table 2) is probably
due to the much larger sky brightness in the r′-band measured at the
c© 2002 RAS, MNRAS 000, 1–12
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Roque de Los Muchachos Observatory8. For PSR J0248+6021, the
much shallower limit in the r′ band with respect to the g′-band one
is due both to the worse seeing conditions (1.′′1), which broadens
the halo of a relatively bright star ∼ 4.′′5 north of the pulsar (Fig.
2, top left), and the higher surface brightness of the W5 HII region,
which covers a large part of the OSIRIS field of view. Both effects
increase the rms of the background at the pulsar position. For PSR
J0631+1036, the detection of the optical counterpart was hampered
by the presence of a very bright star (B∼10.4) about 1.′5 south of
the pulsar position. Unfortunately, although the telescope roll angle
and pointing were chosen both to centre the star in the gap between
the two CCDs and place the pulsar at a safe distance from the chip
edge, the bright wings of the star’s PSF still affects the background
at the pulsar position, also owing to the non-optimal seeing condi-
tions (up to 1.′′2; Table 2).
We also used the GTC images to search for a possible ev-
idence of extended optical emission around PSR J0633+0632,
which could be associated with the PWN observed in X rays by
Chandra (Ray et al. 2011). A section of the GTC r′-band image
encompassing the full PWN field is shown in Fig.2. As seen, no
evidence of diffuse emission is found in the region corresponding
to the spatial extent of the PWN. This confirms that PWNe are
challenging targets in the optical. Indeed, optical and/or infrared
PWNe have been detected so far only around five γ-ray pulsars: the
Crab (Hester 2008), PSR B0540−69 (e.g., Mignani et al. 2010),
PSR J0205+6449 (Shibanov et al. 2008; Slane et al. 2008), PSR
J1124−5916 (Zharikov et al. 2008), and PSR J1833−1034 (Za-
jczyk et al. 2012), with the pulsar counterpart being unresolved
from the PWN in the last two cases. In the X rays, about 100
PWNe or candidates have been detected so far (e.g., Kargaltsev
et al. 2015). We set a 3σ upper limit of ∼ 27.7 and ∼ 26.8 mag-
nitudes arcsec−2 on the surface brightness of the PWN in the g′
and r′-bands, respectively. These limits have been computed from
the standard deviation of the background estimated from star-free
regions across the PWN area.
3.2 X-ray data analysis
Two of the three γ-ray pulsars in Table 1 are still undetected in
the X rays. No new X-ray observations exist for PSR J0631+1036,
whereas for PSR J0248+6021 we found Chandra data (Obs ID
13289; PI G. Garmire), which have been recently analysed by Prinz
& Becker (2015). The observation was performed on September 25
2012 (01:57:45 UT) with the Advanced CCD Imaging Spectrome-
ter (ACIS) in the FAINT data mode for an effective exposure time of
9.22 ks. The target was placed at the nominal aim position at centre
of the ACIS-I detector. We downloaded the data from the Science
Archive9 and analysed them with the Chandra Interactive Analysis
of Observations Software (CIAO) v4.610. Firstly, we reprocessed
level 1 files using the standard chandra repro script. Then, we
retrieved counts image, flux-calibrated image and exposure map
in the 0.3–10 keV energy band using the standard fluximage
script. Taking into account the point spread function spatial distri-
bution, we ran the source detection using the wavdetect task.
We did not found any source (at a 3σ level) positionally consis-
tent with the pulsar position, corrected for its proper motion at the
8 http://www.gtc.iac.es/instruments/osiris/
9 http://cxc.harvard.edu/cda/
10 http://cxc.harvard.edu/ciao/index.html
Figure 2. Zoom (1.′5 × 1.′4) of the GTC/OSIRIS image of the PSR
J0633+0632 field (r′ band). North to the top, east to the left. The X-ray
contour map from the Chandra observation (Ray et al. 2011) is overlaid in
black. For a better representation, the Chandra image has been smoothed
with a Gaussian function using a Kernel radius of 3 pixels. The X-ray con-
tours at the top correspond to the emission maximum at the pulsar position
(marked by the cross), whereas the ones at the bottom correspond to the
PWN. The emission maximum southwest of the pulsar is associated with a
point-like X-ray source unrelated to the PWN (Ray et al. 2011).
epoch of the Chandra observation (MJD=56195). Thus, we con-
firm the non-detection of PSR J0248+6021, as reported by Prinz
& Becker (2015). We evaluated the flux upper limit assuming an
absorbed power-law spectrum with a photon index ΓX = 2 and
an hydrogen column density NH = 0.8 × 1022 cm−2, as assumed
in Abdo et al. (2013) and set to the Galactic value for the pulsar
direction obtained with Webtools11 linearly scaled for the pul-
sar distance (Theureau et al. 2010). We obtain a 3σ upper limit of
FX = 5 × 10
−14 erg cm−2 s−1 on the unabsorbed flux in the
0.3–10 keV energy band. This value is a factor of 20 deeper than
the previous upper limit of FX = 9 × 10−13 erg cm−2 s−1, ob-
tained from Suzaku observations (Abdo et al. 2013) under the same
assumptions as above on the source spectrum and absorption.
4 DISCUSSION
4.1 Pulsar distance and extinction
Both the distance and extinction to these pulsars are not precisely
known and an assessment of the estimated values is in order be-
fore computing the limits on the pulsar optical luminosities derived
from the limiting magnitude of our GTC observations.
For the two radio-loud pulsars (PSR J0248+6021 and
J0631+1036) no radio parallax measurement has been obtained yet.
Furthermore, it is thought that the distance obtained from the dis-
persion measure (DM), inferred from the NE2001 model of the
11 http://heasarc.gsfc.nasa.gov/docs/tools.html
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Galactic free electron density along the line of sight (Cordes &
Lazio 2002), largely overestimates the actual value (Table 3). For
PSR J0248+6021, the high DM (370±1 pc cm−3) suggests that
the pulsar is within the giant HII region W5 in the Perseus arm,
hence its distance must be smaller than that of the far edge of the
arm, which is 3.6 kpc (Reid et al. 2009). However, Theureau et
al. (2011) suggest that the pulsar is at the same distance as the
open cluster IC 1848, which is also within W5. This would im-
ply a distance of 2.0±0.2 kpc, much lower than the minimum DM-
base value DNE = 43.5 kpc. A distance smaller than inferred from
the DM is also suggested by the significant pulsar proper motion
(Tab 1; Theureau et al. 2011). For PSR J0631+1036, it is spec-
ulated that the pulsar is background to the 3-Mon star forming re-
gion and, possibly, is within the dark cloud LDN 1605 (Zepka et al.
1996), which would substantially contribute to the relatively large
DM measured along the line of sight to the pulsar. Accounting for
this contribution would imply a downward revision of the pulsar
distance. In this way, Zepka et al. (1996) obtained a distance es-
timate of 1.0±0.2 kpc, a factor of two lower than the value based
on the DM (DNE=3.7+1.3−0.9 kpc). For both pulsars, these alternative
distance values have been adopted in the 2PC (Abdo et al. 2013).
For the radio-quiet PSR J0633+0632, the 2PC gives a max-
imum distance of 8.7 kpc, determined from the maximum DM
along the line of sight and the NE2001 model. A direct distance
estimate to the pulsar can be obtained from the hydrogen column
density NH that best fits the Chandra X-ray spectrum (Ray et al.
2011). A fit with a power-law (PL) plus blackbody (BB) model
gives NH = 0.15+0.16−0.10 × 1022 cm−2 (Ray et al. 2011). An inde-
pendent fit of the same Chandra data set and with the same spec-
tral model (PL+BB) yields NH = 0.06+0.22−0.06 × 1022 cm−2 (Abdo
et al. 2013). Recently, a further re-analysis of the same Chandra
data set was also carried out by Danilenko et al. (2015), who gives
NH = 0.24
+0.18
−0.14 × 10
22 cm−2 for a PL+BB model. Although the
NH value of Abdo et al. (2013) is somewhat smaller than those of
Ray et al. (2011) and Danilenko et al. (2015), all values are consis-
tent with each other within the statistical uncertainties. By using,
e.g. the linear correlation between NH and distance computed by
He et al. (2013) we obtain a distance of ≈ 3 kpc, where the scatter
in the NH–distance plane and the formal uncertainty on the differ-
ent NH measurements, result in an estimated uncertainty of ≈ 1
kpc. Recently, by assuming that the unknown pulsar proper motion
is aligned with the major axis of the X-ray PWN, Danilenko et al.
(2015) suggested that PSR J0633+0632 might have been born in
the Rosette Nebula and inferred a tentative pulsar distance as small
as 1.2–1.8 kpc. The association, however, has still to be confirmed
through a future pulsar proper motion measurement.
For both PSR J0248+6021 and PSR J0631+1036, which are
undetected in the X rays, we used the NH inferred from the DM ac-
cording to the linear correlation computed by He et al. (2013). We
note that using three-dimensional Galactic dust maps (e.g., Green
et al. 2015) would give reddening values that are obviously distance
dependent. Since the distance to these two pulsars is uncertain, the
corresponding reddening value is also uncertain. Furthermore, the
Green et al. (2015) maps have a resolution of 3.′4–13.′7, comparable
to the field of view of our images (or larger), and might not be rep-
resentative of the actual reddening towards a specific line of sight
in the presence of large nebular structures in the field. This is, in-
deed, the case for both the PSR J0248+6021 and PSR J0613+1036
fields, with the giant HII region W5 and the dark cloud LDN 1605,
respectively.
For the DM towards PSR J0248+6021 (370 pc cm−3) the cor-
relation yields NH = 1.11+0.48−0.33 × 10
22 cm−2, where the errors
Table 3. Pulsar dispersion measure (DM) and distance (DNE), inferred
from the NE2001 model of the Galactic free electron density along the line
of sight (Cordes & Lazio 2002), of the radio-loud pulsars listed Table 1.
The distance assumed in the Second Catalogue of Fermi Gamma-ray Pul-
sars (2PC; Abdo et al. 2013) is also given (D2PC). The last column gives
the reddening E(B − V ) in the pulsar direction estimated from the NH
values, obtained either directly from the fit to the X-ray spectrum (PSR
J0633+0632; Abdo et al. 2013) or inferred from the value of the DM (He et
al. 2013), using the relation of Predehl & Schmitt (1995).
Pulsar DM DNE D2PC E(B − V )
(pc cm−3) (kpc) (kpc)
J0248+6021 370±1 >43.5 2.0±0.21 1.99+0.86
−0.39
J0631+1036 125.4±0.9 3.7 +1.3
−0.9 1.0±0.2
2 0.66+0.28
−0.19
J0633+0632 - - <8.73 0.11+0.40
−0.11
1 Theureau et al. (2011); 2 Zepka et al. (1996); 3 estimated from the max-
imum DM value along the line of sight from the NE2001 model. For PSR
J0633+0632, independent NH estimates (Ray et al. 2011; Danilenko et al.
2015) yield E(B − V ) values of 0.27+0.29
−0.18 and 0.43
+0.32
−0.33.
are associated with the 90% confidence interval of the NH-DM
fit. For PSR J0631+1036 the fit yields NH = 0.37+0.16−0.11 × 1022
cm−2 for a DM of 125.4 pc cm−3. Both values are fully consis-
tent with the qualitative NH estimates obtained from the Galactic
value for the pulsar direction, scaled for the distance (Abdo et al.
2013). From the NH, we then estimated the interstellar reddening
according to the relation of Predehl & Schmitt (1995) and obtained
E(B − V ) = 1.99+0.86
−0.39 and E(B − V ) = 0.66
+0.28
−0.19 for PSR
J0248+6021 and J0631+1036, respectively. For PSR J0633+0632,
the only one of them that has been detected in the X rays, the NH is
derived from the spectral fits to the X-ray spectrum (see above). For
instance, assuming the NH estimates obtained from the X-ray anal-
ysis of Ray et al. (2011) and Abdo et al. (2013) yields an interstel-
lar reddening E(B− V ) of 0.27+0.29
−0.18 and 0.11
+0.40
−0.11 , respectively,
following Predehl & Schmitt (1995). Similarly, the NH obtained
from the most recent spectral re-analysis of Danilenko et al. (2015)
yields an E(B − V ) = 0.43+0.32
−0.33.
The inferred values of the interstellar reddening along the line
of sight for the three pulsars are summarised in Table 3. For all of
them, the reddening is significant, consistently with their estimated
distance and low height above the Galactic plane.
4.2 Pulsar optical and X-ray luminosities
We computed the extinction-corrected upper limits on the optical
fluxes of the three pulsars in the g′ band. We accounted for the
uncertainties on the interstellar reddening (Table 3) by assuming
the most conservative estimates. From the reddening values, we
computed the interstellar extinction in the different filters using
the extinction coefficients of Fitzpatrick (1999). The extinction-
corrected flux upper limits are Fopt ∼ 4.36 × 10−13 erg cm−2
s−1, 1.90×10−15 erg cm−2 s−1, and 4×10−16 erg cm−2 s−1, for
PSR J0248+6021, J0631+1036, and J0633+0632, respectively. Of
course, in the case of PSR J0248+6021 which is affected by a much
larger interstellar extinction (about 9 magnitudes in the g′ band) the
value of the extinction corrected flux is well above that obtained for
the other two pulsars. Therefore, the limits on the derived quantities
(e.g. optical luminosity and flux ratios) are much less constraining.
For both PSR J0248+6021 and PSR J0631+1036 we assumed the
same distances as in the 2PC (D2PC; see Table 3), whereas for PSR
J0633+0632 we assumed a distance of 3 kpc (Sectn. 4.1). From
these values, we computed the corresponding optical luminosity
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upper limits as Lopt ∼ 2.09×1032 d22 erg s−1, 2.28×1029 d21 erg
s−1 and 4.3×1029 d33 erg s−1, for PSR J0248+6021, J0631+1036,
and J0633+0632, respectively, where d1, d2, and d3 are their dis-
tances in units of 1, 2, and 3 kpc. We remind that the assumed
distance values for the two radio-loud pulsars PSR J0248+6021
and PSR J0631+1036 have been obtained from indirect estimates
(see Theureau et al. 2010 and Zepka et al. 1996). As such, they
might be affected by uncertainties larger than those associated with
the assumed values (Table 3), which might imply correspondingly
higher luminosities for these two pulsars. In particular, we cannot
firmly rule out that PSR J0248+6021 and PSR J0631+1036 are at
distances as high as 3.6 and 5 kpc, respectively, the former corre-
sponding to the far edge of the Perseus arm and the latter to the
maximum value of the DM distance DNE (Table 3). Direct distance
measurements will be crucial to better constrain their luminosities.
We compared the optical luminosity upper limits with the pulsar
spin-down energy E˙. Since these pulsars are younger than 0.1 Myr
(Table 1), we assume that their optical luminosity is dominated by
non-thermal emission, as usually observed in pulsars of compara-
ble age (see e.g., Mignani 2011), and is powered by the spin-down
energy. We obtained Lopt/E˙ . 9.93×10−4d22, . 1.34×10−6d21,
and . 3.58 × 10−6d23, for PSR J0248+6021, J0631+1036, and
J0633+0632, respectively.
Both the optical luminosity and the optical emission effi-
ciency, Lopt/E˙, of rotation-powered pulsars are strongly corre-
lated with the spin-down age (see, e.g. Fig. 4 in Kirichenko et
al. 2015). As expected, owing to their lower spin-down energy
(E˙ ≈ 1035 erg s−1), both PSR J0631+1036 and J0633+0632
are fainter in the optical than the young (τ . 5 kyr) and more
energetic (E˙ ≈ 1037–1038 erg s−1) γ-ray pulsars Crab, PSR
B1509−58, and PSR J0205+6449, which have optical luminosities
Lopt ≈ 10
30
–1033 erg s−1 (e.g. Moran et al. 2013). The brightest
of them is now PSR B0540−69 (∼2 kyr), only recently detected as
a γ-ray pulsar (Ackermann et al. 2015), which has an optical lumi-
nosity Lopt ∼ 2.6 × 1033 erg s−1. Only PSR J0248+6021 could
be, in principle, as luminous as the very young pulsars, owing to the
less deep constraints on its optical luminosity. Depending on their
actual distances, the three pulsars discussed in this work might have
a lower efficiency in converting their spin down power into optical
radiation than the Crab and PSR B0540−69 (Lopt/E˙ ≈ 10−5).
This would indicate that both the optical luminosity and emission
efficiency Lopt/E˙ rapidly decrease for pulsars older than ∼ 5 kyr,
but younger than ∼ 0.1 Myr, an hypothesis initially suggested by
the characteristics of the Vela pulsar (see discussion in Mignani et
al. 1999), which has an optical luminosity Lopt ∼ 1.35 × 1028
erg s−1 and an Lopt/E˙ ∼ 1.9 × 10−9 (e.g. Moran et al. 2013).
This hypothesis seems to be supported by the recent detection of
the candidate optical counterpart to PSR J0205+6449 (∼ 5.4 kyr),
which has an an optical luminosityLopt ∼ 1.15×1030 erg s−1 and
an Lopt/E˙ ∼ 4.2 × 10
−8
, ideally linking the Crab-like pulsars to
Vela. The corresponding upper limits on Lopt and Lopt/E˙ for PSR
J0248+6021, PSR J0631+1036, and PSR J0633+0632, however,
are all above the corresponding values for the Vela pulsar, so that
we cannot rule out that some of them are more luminous and con-
vert their spin-down energy into optical radiation more efficiently,
unless they are at significantly lower distance than estimated. The
larger distance of these pulsars and/or the larger interstellar extinc-
tion towards the line of sight with respect to Vela (Table 3) are the
major obstacle to obtain tighter constraints on their optical lumi-
nosity and strengthen their similarity to the Vela pulsar.
Our upper limit on the unabsorbed X-ray flux of PSR
J0248+6021 in the 0.3–10 keV energy band (FX . 5 × 10−14
Figure 3. Extinction-corrected optical flux upper limits (black) of PSR
J0248+6021, PSR J0631+1036, and PSR J0633+0632 (top to bottom)
compared with the extrapolation in the optical domain of the γ-ray PL spec-
trum (in blue) and of the the X-ray PL component (in red). In both cases,
the best-fit PL is represented by the solid line and the dotted lines represent
the 1σ uncertainty. For PSR J0633+32, the dotted line represents the BB
component and the dot-dashed line the total BB+PL spectrum. The red ar-
rows in the upper and middle panels correspond to the unabsorbed X-ray
flux upper limit at 5 keV for an assumed PL X-ray spectrum with photon
index ΓX = 2.
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erg cm−2 s−1; Sectn. 3.2) corresponds to a non-thermal X-ray lu-
minosity LX . 5.9× 1030d22 erg s−1. This implies an X-ray emis-
sion efficiency LX/E˙ . 2.8 × 10−5d22, which suggests that PSR
J0248+6021 converts a significant lower fraction of its spin-down
energy in X rays with respect to the bulk of the rotation-powered
pulsars (see, discussion in Becker 2009). For comparison, in the
case of PSR J0631+1036 the limit on its non-thermal 0.3–10 keV
X-ray flux (FX . 2.3 × 10−14 erg cm−2 s−1; Abdo et al. 2013),
also computed for a ΓX = 2 and a linear scaling of the Galactic
NH, yields an X-ray luminosity LX . 0.68 × 1030d21 erg s−1 and
anLX/E˙ . 4.0×10
−6d21 erg s−1. Both their low X-ray luminosity
and X-ray emission efficiency help to explain the non-detection of
both pulsars in the available X-ray observations. For instance, PSR
J0633+0632 has an X-ray luminosity LX = (1.7±0.13)×1031d23
erg s−1, computed from its unabsorbed non-thermal 0.3–10 keV
X-ray flux FX = (6.3 ± 0.5) × 10−14 erg cm−2 s−1 (Abdo et al.
2013), which is higher than the other two pulsars. Owing to a com-
parable spin-down energy, this also yields an higher X-ray emission
efficiency LX/E˙ ∼ (1.4± 0.1) × 10−4d23.
For all the three pulsars discussed in this work, the luminosity
and luminosity–to–spin-down energy ratios in both the optical and
X rays are summarised in the first part of Table 4.
4.3 Pulsar multi-wavelength spectra
Outside the radio band, both PSR J0248+6021 and PSR
J0631+1036 have been detected only in γ-rays. In both cases, we
compared the extinction-corrected optical flux upper limits with the
extrapolation in the optical domain of their γ-ray spectra. These are
described by a power law with exponential cut-off, with photon in-
dex Γγ = 1.8 ± 0.01 and cut-off energy Ec = 1.6 ± 0.03 GeV,
for PSR J0248+6021, and Γγ = 1.8 ± 0.01 and cut-off energy
Ec = 6 ± 1 GeV, for PSR J0631+1036 (Abdo et al. 2013). The
corresponding energy fluxes Fγ in the 0.1 to 100 GeV energy band
are (5.2±0.4)×10−11 erg cm−2 s−1 and (4.7±0.3)×10−11 erg
cm−2 s−1, respectively. The spectral energy distributions (SEDs)
of PSR J0248+6021 and PSR J0631+1036 are shown in Fig. 3 (top
and mid panel, respectively). For PSR J0248+6021, the optical flux
upper limits are within the uncertainties of the extrapolation of the
best-fit γ-ray PL spectrum. We remind, however, that owing to the
large interstellar extinction correction, the optical flux upper lim-
its are not very constraining. Therefore, if one considers only the
γ-ray and optical flux measurements nothing could be said about
the presence, or absence, of a spectral break in the pulsar non-
thermal emission between the optical and the γ-ray regions. For
PSR J0631+1036, the picture is different, with the optical flux up-
per limits lying well below the uncertainty on the extrapolation of
the γ-ray PL. This obviously indicates a spectral break between the
optical and the γ rays. For both pulsars, we constrained the SED in
this energy interval from their non-detection in the X rays. Assum-
ing for both of them the same X-ray spectrum as assumed in Sectn.
3.2 and 4.2, i.e. a PL with photon index ΓX = 2, would imply an
upper limit on the unabsorbed X-ray flux at 5 keV of 1.2×10−3 µJy
for PSR J0248+6021 and of 0.53×10−3 µJy for PSR J0631+1036
(red arrows in Fig.3). In both cases, these limits are well below the
extrapolation of the γ-ray PL, which indicates the presence of at
least a spectral break between the optical and the γ-rays. We note
that assuming a different PL photon index does not alter this sce-
nario. Detecting both PSR J0248+6021 and PSR J0631+1036 in
the X rays would be crucial constrain the energy at which the break
occurs.
PSR J0633+0632 has been detected both in the γ and X rays.
It has a γ-ray photon index similar to the other two pulsars, Γγ =
1.4±0.1, and a cut-off energy Ec = 2.7±0.3 GeV. Its energy flux
Fγ = (9.4 ± 0.5) × 10
−11 erg cm−2 s−1 makes it the brightest
of these three pulsars in γ rays. For the X-ray spectrum, a fit to the
Chandra data with a PL+BB spectral model yields a photon index
ΓX = 1.45
+0.76
−0.82 and a temperature kT = 0.126
+0.024
−0.033 keV (Abdo
et al. 2013), corresponding to an unabsorbed total (BB+PL) X-ray
flux FX = (1.71 ± 0.14) × 10−13 erg cm−2 s−1 in the 0.3–10
keV energy band. The original X-ray analysis in Ray et al. (2011)
yielded ΓX = 1.5 ± 0.6 and kT = 0.11+0.03−0.02 keV. These spectral
parameters are also very similar to those obtained by Danilenko
et al. (2015) for the same spectral model, ΓX = 1.6 ± 0.6 and
kT = 0.105+0.023
−0.018 keV. The SED of PSR J0633+0632 (Fig. 3
bottom panel) again shows, that the optical flux upper limit are
within the extrapolation of the γ-ray PL. The comparison with the
X-ray PL extrapolation is, however, extremely uncertain owing to
the large uncertainties on the photon index ΓX. A more robust X-
ray detection of PSR J0633+0632 would be needed to decrease the
uncertainties on the PL spectrum and determine whether this is, in-
deed, consistent with the extrapolation of the γ-ray PL. Were this
the case, we would have a rare example of a pulsar where a single
PL can (possibly) describe its entire non-thermal emission.
4.4 Pulsar multi-wavelength emission
We characterised the multi-wavelength emission properties of these
three pulsars from the ratios between their extinction-corrected op-
tical and X-ray fluxes Fopt and FX and between these and their
γ-ray flux Fγ (Sectn. 4.3). We note that such ratios are equivalent
to luminosity ratios, with the advantage that they are obviously in-
dependent on the uncertainty on the pulsar distance.
We first used the upper limits on the extinction-corrected pul-
sar optical fluxes (g′ band) to constrain the ratio with their γ-ray
flux Fγ . We obtained Fopt/Fγ . 9.08 × 10−3, . 4.05 × 10−5,
and . 4.5 × 10−6 for PSR J0248+6021, PSR J0631+1036, and
PSR J0633+0632, respectively.
Only for PSR J0633+0632 we can constrain the ratio be-
tween the pulsar unabsorbed optical and X-ray flux, which is
Fopt/FX . 6.9× 10
−3
. We compared the unabsorbed optical–to–
X-ray and optical–to–γ-ray flux (luminosity) ratios with the cor-
responding values for all the γ-ray pulsars detected in the optical
(see, e.g. Moran et al. 2013 for a summary), the group now includ-
ing PSR B0540−69. For this pulsar, the γ-ray flux above 0.1 GeV
is Fγ = (2.6 ± 0.3) × 10−11 erg cm−2 s−1 (Ackermann et al.
2015). The unabsorbed optical flux, obtained from HST observa-
tions (Mignani et al. 2010), is Fopt = 8.79 × 10−15 erg cm−2
s−1, whereas the unabsorbed X-ray flux in the 0.3–10 keV energy
band is FX = 1.05 × 10−11 erg cm−2 s−1, as computed from the
Chandra observations (Kaaret et al. 2001). This gives unabsorbed
flux ratios of Fopt/Fγ ∼ 3.4× 10−4 and Fopt/FX ∼ 8.4× 10−4 .
We note that for the younger pulsars (Crab, PSR B0540−69, PSR
B1509−58, PSR J0205+6449) the optical and X-ray emission are
both non-thermal, whereas for the Vela pulsar the optical emission
is non-thermal, while thermal emission from the neutron star sur-
face partially accounts for the X-ray emission (e.g., Mignani 2011;
Becker 2009). Therefore, one has to account for the non-thermal
X-ray emission only, which is about 1/4 of the total (Marelli et al.
2011), and the unabsorbed optical–to–X-ray flux ratio for Vela is,
then, Fopt/FX ∼ 2.1 × 10−4. For the middle-aged pulsars (PSR
B0656+14, Geminga, PSR B1055−52) the optical and X-ray emis-
sion are both produced by the combination of thermal and non-
thermal processes (Mignani 2011; Becker 2009) and we assume
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Table 4. Multi-wavelength properties of the pulsars discussed in this work. Columns two and three report the upper limits on the optical luminosity derived
from the GTC observations (Sectn. 3.1) and the upper limit on the X-ray luminosity of PSR J0248+6021 derived from the Chandra observations (Sectn. 3.2).
The X-ray luminosity value and upper limit for PSR J0633+0632 and PSR J0631+1036, respectively, have been computed from their unabsorbed non-thermal
X-ray flux FX as given in the 2PC (Abdo et al. 2013). Luminosity values are scaled for the assumed distance (Sectn. 4.1). The Fopt/Fγ and Fγ/FX ratios
have been computed from the pulsar γ-ray flux Fγ in the 2PC. All limits conservatively accounts for the statistical uncertainties on the measured flux values.
The hyphen marks the cases where the flux ratio is unconstrained.
Pulsar Lopt LX Lopt/E˙ LX/E˙ Fopt/FX Fopt/Fγ Fγ/FX
(1030 erg s−1) (1030 erg s−1)
J0248+6021 . 209d22 . 5.9d22 . 9.93× 10−4d22 . 2.8× 10−5d22 - . 9.08 × 10−3 & 960
J0631+1036 . 0.228d21 . 0.68d21 . 1.34× 10−6d21 . 4.0× 10−6d21 - . 4.05 × 10−5 & 1900
J0633+0632 . 0.43d23 (17 ± 1.3)d23 . 3.58× 10−6d23 (1.4 ± 0.1) × 10−4d23 . 6.9× 10−3 . 4.5× 10−6 1510±170
the unabsorbed total fluxes at both energies as a reference, as in
Moran et al. (2013).
Apart from PSR J0248+6021, for which the limit on the op-
tical flux is very conservative, the upper limits on the Fopt/Fγ
for both PSR J0631+1036 and PSR J0633+0632 indicate that in
pulsars other than the young, Crab-like, ones the optical emission
becomes lower and lower with respect to the γ-ray one, with the
Fopt/Fγ decreasing from ∼ 1.4 × 10−5 to ∼ 6.4 × 10−8 as the
spin-down age increases from a few kyrs to about a Myr (see Ta-
ble 4 of Moran et al. 2013). This is likely related to the fact that
efficiency in converting spin-down energy into γ-ray radiation is
larger for middle-aged pulsars than for the young ones (Abdo et
al. 2013). The upper limits on the Fopt/Fγ ratio for these two
pulsars are still above the corresponding value of the Vela pulsar
(∼ 1.6 × 10−7), so that we cannot rule out that they are intrin-
sically brighter in the optical than in γ rays with respect to Vela,
despite of they larger spin-down age. The Fopt/FX ratio for PSR
J0633+0632 is . 6.9 × 10−3, which is by far the highest of any
other γ-ray pulsar (let alone all other isolated neutron stars), mak-
ing this pulsar a very interesting case to study. Much deeper optical
observations, challenging for current facilities, would be crucial to
determine whether the actual value of the Fopt/FX ratio is more in
line with that of all the other optical/X-ray emitting γ-ray pulsars.
We also compared the ratios between the pulsar γ and X-
ray fluxes. Our new Chandra limit on the unabsorbed X-ray flux
of PSR J0248+6021 (FX . 5 × 10−14 erg cm−2 s−1; Sectn.
3.2) raises the lower limit on its γ–to–X-ray flux ratio Fγ/FX
to ∼ 960. This value is consistent with the largest Fγ/FX val-
ues in the second peak of the two-peak distribution observed in
radio-loud pulsars (see Fig.4 and Marelli et al. 2015). For compar-
ison, the unabsorbed X-ray flux upper limit (FX . 2.3 × 10−14
erg cm−2 s−1; Abdo et al. 2013) on the other radio-loud pul-
sar, PSR J0631+1036 yields Fγ/FX & 1900. Both limits are
also consistent with the peak in the Fγ/FX distribution of radio-
quiet pulsars (Fig.4). For instance, with an unabsorbed non-thermal
X-ray flux FX = (6.3 ± 0.5) × 10−14 erg cm−2 s−1 (Abdo
et al. 2013), the radio-quiet PSR J0633+0632 has a measured
Fγ/FX = 1510 ± 170. The lower limits on the Fγ/FX for both
PSR J0248+6021 and PSR J0631+1036 confirm that, at variance
with others, some radio-loud pulsars are more similar to the radio-
quiet ones in their high-energy behaviour. This is shown by the
double-peaked Fγ/FX distribution for radio-loud pulsars, with the
second peak overlapping the peak of the corresponding distribution
for the radio-quiet ones (Fig.4). This similarity in the Fγ/FX ratios
does not reflect a similarity in the pulsar characteristics (e.g., spin
period, age, magnetic field) but it is possibly related to a similar
geometry of the X and γ-ray emission regions (see discussion in
Marelli et al. 2015).
Figure 4. Histogram of the Fγ/FX ratios for all young–to–middle-aged
γ-ray pulsars (adapted from Marelli et al. 2015). Radio quiet-pulsars are
shown in blue and radio-loud pulsars in red. The dashed and continuous
curves are the Gaussian functions best-fitting the peaks in the distribu-
tion. The limits for the two radio-loud pulsars PSR J0248+6021 and PSR
J0631+1036 are indicated.
The multi-wavelength flux ratios for these three pulsars are
summarised in the second part of Table 4.
4.5 Comparison with the Vela-like pulsars
It is now interesting to compare the properties of PSR J0248+6021,
J0631+1036, and J0633+0632 with those of the slightly younger,
Vela-like γ-ray pulsars for which at least deep optical upper
limits with 10m-class telescopes have been obtained after the
launch of Fermi (see Table 5 for a compilation). These are:
PSR J0007+7303, J1028−5819, B1046−58, J1357−6429, and
J2021+3651 (Mignani et al. 2013; 2012, Razzano et al. 2013;
Mignani et al. 2012; Kirichenko et al. 2015). To this sample we
must add PSR B1706−44 that was observed during the commis-
sioning of the VLT (Mignani et al. 1999) after its original detection
as a γ-ray pulsar by the CGRO (Thompson et al. 1992) but not re-
observed with any facility ever since. Of these pulsars, only PSR
J0007+7303 and J0633+0632 are radio quiet.
We compared the optical emission properties of the three pul-
sars discussed in this work with those of the Vela-like γ-ray pul-
sars mentioned above. The limits on the optical luminosity Lopt
and on Lopt/E˙ for PSR J0631+1036 and PSR J0633+0632 are
comparable, for the assumed values of distance and interstellar ex-
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tinction, to those of the Vela-like pulsars, which are in the range
∼ 0.04–0.92 × 1030 erg s−1 and 9.4 × 10−8–1.1 × 10−6, re-
spectively. This confirms, on a broader sample, that pulsars in the
age range 10–100 kyrs are fainter and less efficient in the optical
than the Crab-like ones (see also, Danilenko et al. 2013; Kirichenko
et al. 2015). The limits on the Fopt/FX and Fopt/Fγ ratios for
both PSR J0631+1036 and PSR J0633+0632 are also quite simi-
lar, indicating that the optical emission always tends to be less than
≈ 10−3 and ≈ 10−6 of the X and γ-ray ones, respectively. Only
for PSR J2021+3651 the Fopt/FX could be as high as a few 10−2
(Kirichenko et al. 2015), whereas the limits on the Fopt/Fγ are
more in line with those of the other pulsars.
The SEDs of PSR J0248+6021, J0631+1036, and
J0633+0632 (Sectn. 4.3) do not follow an unique template,
with the presence of a clear spectral break between the optical
and γ-rays for PSR J0631+1036 and PSR J0248+6021, and with a
possible spectral continuity across the optical/X-ray/γ-ray range
for PSR J0633+0632. This is in line with the behaviour of the
slightly younger, Vela-like γ-ray pulsars, which also seem to be
quite different from each other in terms of number of breaks in
the multi-wavelength SED. For instance, both PSR B1706−44
and PSR J1028−5819 (Mignani et al. 2012) feature two breaks
in the SED, between the γ rays and the X rays and between the
X rays and the optical. On the other hand, both PSR J0007+7303
(Mignani et al. 2013) and PSR J2021+3651 (Kirichenko et al.
2015) seem to feature only one break, i.e. from the γ rays to the X
rays, whereas the optical flux upper limits are compatible with the
extrapolation of the X-ray PL spectrum. In all cases, the optical
flux upper limits lies either above or below the extrapolation of
the γ-ray PL spectrum in the optical domain. This suggests that, at
least in these cases, the optical and γ-ray emission are not related.
A single PL spectrum running from the optical to the γ rays,
however, cannot be ruled out for both PSR B1046−58 (Razzano
et al. 2013) and PSR J1357−6429 (Mignani et al. 2011). The
multi-wavelength SED of the Vela pulsar (see Fig. 7 of Danilenko
et al. 2011) features a clear spectral break between the X rays and
the optical, whereas the extrapolation of the γ-ray PL overshoots
the X-ray spectrum, indicating the existence of a second break.
Such a difference in the multi-wavelength behaviour of Vela-
like γ-ray pulsars might depend on something other than the pulsar
characteristics (e.g., spin period, age, magnetic field), which are
similar for most of them (Table 5). One possibility is that it might
be related to a difference in the geometry of the optical/X/γ-ray
emission regions in the neutron star magnetosphere, possibly re-
lated to the relative inclination between the magnetic and spin-axis,
and/or in the viewing angle. In this case, one would expect a cor-
relation between the observed number of breaks in the non-thermal
multi-wavelength SED and the changes in the light curve morphol-
ogy, such as the relative phase offsets and separation between the
peaks. In the case of the Vela pulsar, the light curve profile indeed
changes from the γ rays to the X rays and from the X rays to the op-
tical (Abdo et al. 2009b), in coincidence with the observed breaks
in the multi-wavelength SED (Danilenko et al. 2011). This case is
different, however, from that of the younger Crab pulsar for which
a clear spectral break is visible only between the X rays and the
optical but both the light curve profile and the phase alignment be-
tween the two peaks do not vary appreciably between these two
energy bands (Abdo et al. 2010b). Unfortunately, verifying such
an hypothetical correlation between spectral breaks and light curve
morphologies for the Vela-like γ-ray pulsars is not straightforward.
Both PSR J1028−5819 and PSR B1046−58 have not been yet de-
tected as X-ray pulsars (Mignani et al. 2012; Gonzalez et al. 2006),
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Figure 5. Extinction-corrected optical flux upper limits (black) for the PSR
J0633+0632 PWN, compared with the extrapolation in the optical domain
of its X-ray PL spectrum (in red).
whereas both PSR J0007+7303 and PSR J1357−6429 are X-ray
pulsars but the X-ray pulsations are thermal in origin (Caraveo et
al. 2010; Chang et al. 2012). Therefore, it is not possible to di-
rectly compare their X-ray and γ-ray light curves. Finally, for both
PSR B1706−44 and PSR J2021+3651 it is difficult to disentangle
the contribution of thermal and non-thermal emission to the X-ray
light curve (Gotthelf et al. 2002; Abdo et al. 2009c). Furthermore,
none of them has been obviously detected as an optical pulsar yet.
More (and deeper) multi-wavelength observations are necessary to
determine the connection (if any) between spectral breaks and vari-
ations in the light curve profiles as a function of energy, hence in the
emission/viewing geometry, and determine whether such changes
are also related, e.g. to the pulsar age or other parameters. As dis-
cussed in Mignani et al. (2015), very few γ-ray pulsars have accu-
rately measured X-ray light curves and even less (Crab, Vela, PSR
B0540−69, PSR B0656+14, Geminga) have been also detected as
optical pulsars (see, e.g. Mignani 2010 for a summary). Expanding
this sample is, then, crucial to build a general picture of the pulsar
emission processes at different wavelengths. Exploiting the larger
number of known radio/γ-ray pulsars, a systematic comparison be-
tween the γ-ray and radio light curve profiles has been recently car-
ried out by Pierbattista et al. (2016), showing the diagnostic power
of this approach.
4.6 The PSR J0633+0632 nebula
Finally, we compared the extinction-corrected upper limit on the
optical flux of the PSR J0633+0632 PWN (Sectn. 2.1) with its un-
absorbed 0.3–10 keV X-ray flux. This is F pwnX = 2.92
+0.79
−0.81 ×
10−13 erg cm−2 s−1 (Abdo et al. 2013), computed by fitting the
PWN area with an ellipse of semimajor and semiminor axis of
0.′58 and 0.′54, respectively, oriented 130◦ due East (Marelli 2012).
We subtracted the flux contribution of the point-like X-ray source
southwest of the pulsar position (Fig. 2), which is only spatially
coincident with the PWN. The extinction-corrected optical flux of
the PWN in the g′ band is F pwnopt . 9.8 × 10−13 erg cm−2 s−1,
integrated over the same area as used to compute the PWN X-ray
flux. As done for the pulsars, we assumed the most conservative
value of the interstellar extinction. This yields an optical–to–X-ray
flux ratio of Fopt/Fx . 4.6. PWNe have been detected both in
the optical and X-rays around the Crab pulsar, PSR J0205+6449,
c© 2002 RAS, MNRAS 000, 1–12
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Table 5. Characteristics and optical properties of the Vela pulsar (in bold) and all Vela-like pulsars observed with 10m-class telescopes. Parameters and units
are the same as in Table 1 and 4. The optical luminosity values (Lopt) are scaled for the pulsar distance assumed in the reference publications (last column),
following the same notation as in Table 4. All limits have been computed for the maximum value of the assumed interstellar extinction.
Pulsar Ps P˙s τ B E˙ Lopt Lopt/E˙ Fopt/FX Fopt/Fγ Refs.
J0007+7303 0.315 36.04 1.39 10.8 4.5 . 0.04d21.7 . 9.4× 10−8d21.7 . 1.6× 10−3 . 5.9× 10−6 Mignani et al. (2013)
B0833−45 0.089 12.5 1.13 3.38 69.6 0.01d20.29 1.9× 10−9d20.29 5.9× 10−5 1.6× 10−7 Moran et al. (2013)
J1028−5819 0.091 1.61 9 1.23 8.3 . 0.92d23 . 1.1× 10−6d23 . 9.7× 10−3 . 3.7× 10−6 Mignani et al. (2012)
B1046−58 0.123 9.63 2.03 3.49 20 . 0.38d23 . 1.9× 10−7d23 . 4.1× 10−4 . 1.8× 10−6 Razzano et al. (2013)
J1357−6429 0.166 36.02 0.73 7.83 31 . 2.16d23 . 6.9× 10−7d23 . 4.8× 10−4 . 5.9× 10−7 Mignani et al. (2011)
B1706−44 0.102 9.29 1.75 3.12 34 . 0.25d22.3 . 7.4× 10−8d22.3 . 1.1× 10−3 . 2.9× 10−7 Mignani et al. (1999)
J2021+3651 0.103 9.57 1.72 3.19 34 . 0.79d23.5 . 2.3× 10−7d23.5 . 6.3× 10−2 . 1.4× 10−6 Kirichenko et al. (2015)
PSR B0540−69, and PSR J1124−5916. Our upper limit on the
Fopt/Fx for the PSR J0633+0632 PWN is above the values ob-
tained for the other PWNe, which are typically ∼0.02–0.04, apart
from the Crab PWN which has an Fopt/Fx ∼ 2 (Zharikov et
al. 2008). This means that, owing to the faintness of the PSR
J0633+0632 PWN in the X rays, much deeper optical observations
are needed to set similar constraints on its optical emission. We also
compared the extinction-corrected optical spectral flux upper limit
on the PWN in the g′ and r′-bands with the extrapolation of its
X-ray spectrum in the optical domain. Like in Abdo et al. (2013),
we used the best-fit spectral index of the PWN, ΓpwnX = 1.19
+0.59
−0.22 .
The PWN SED is shown in Fig. 5. As seen, we cannot rule the pres-
ence of a spectral break between the optical and the X-ray energy
range. A break in the optical/X-ray SED has been observed in other
PWNe. For instance, the PWN around PSR B0540−69 features a
clear break, with the optical fluxes being fainter than expected from
the extrapolation of the X-ray PWN spectrum (Mignani et al. 2012).
This is also the case for the PSR J1124−5916 PWN (Zharikov et
al. 2008). A break in the opposite direction is observed in the SED
of the PSR J1833−1034 PWN (Zajczyk et al. 2012), where the in-
frared fluxes (the PWN is not yet detected in the optical) are about
two orders of magnitude above the extrapolation of the PWN X-
ray spectrum. Only in the case of the Crab and PSR J0205+6449
PWNe, the PWN spectrum is compatible with a single PL, extend-
ing from the X rays to the optical (Hester 2008; Shibanov et al.
2008). Optical detections of more PWNe through dedicated observ-
ing campaigns can allow one to relate the differences in the SEDs
to the characteristics of the PWN.
5 SUMMARY AND CONCLUSIONS
Using data from the GTC, we carried out the deepest optical ob-
servations of the fields of the three moderately young (∼ 40–
60 kys old) γ-ray pulsars PSR J0248+6021, J0631+1036, and
J0633+0632. The pulsars have not been detected down to 3σ limits
of g′ ∼ 27.3, g′ ∼ 27, and g′ ∼ 27.3, respectively. At the same
time, we could not find evidence of extended optical emission as-
sociated with the faint X-ray PWN around PSR J0633+0632 (Ray
et al. 2011). Our limits on the Fopt/Fγ ratios are comparable with
those of slightly younger, Vela-like pulsar, suggesting that pulsars
in the age range 10–100 kyrs are quite similar in their optical and
γ-ray emission and relatively less bright in the optical with respect
to the γ-rays than the very young, Crab-like pulsar. In particular,
our optical flux upper limits for PSR J0248+6021, J0631+1036,
and J0633+0632 seem to support the idea that the fraction of the
spin-down power converted into optical luminosity is much lower
for pulsars in the age range 10–100 kyrs than for Crab-like pulsars.
Direct and precise distant measurements for the three pulsars dis-
cussed here will confirm this conclusion. Using archival Chandra
data we also searched for the unidentified X-ray counterpart to PSR
J0248+6021 but we could not detect the pulsar down to a 0.3–10
keV flux limit FX ∼ 5×10−14 erg cm−2 s−1, confirming the non-
detection by Prinz & Becker (2015), which improves the previous
Suzaku limit (Abdo et al. 2013) by a factor of 20 and better con-
straints its Fγ/FX ratio. With that computed for PSR J0631+1036,
this limit indicates that these two radio-loud pulsars are more sim-
ilar in their high-energy behaviour to the radio-quiet pulsars rather
than to the bulk of the radio-loud ones. More X-ray observations of
γ-ray pulsars are needed to keep progressing in the understanding
of the similarities and differences between these two populations
(Marelli et al. 2011; 2015). Although challenging, optical obser-
vations bring the tile required to complete the description of the
multi-wavelength phenomenology of γ-ray pulsars. To this aim, X-
ray observations are key to provide direct estimates (hopefully, as
accurate as possible) of the interstellar extinction, whereas radio
parallax measurements are key to provide reliable distance esti-
mates, at least for radio-loud pulsars. Large uncertainties on both
quantities dramatically impact on the optical follow-up of objects
as faint as neutron stars.
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